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During  start-up/shut-down  processes  of  a  polymer  electrolyte  fuel  cell,  platinum  particles  are  lost  from 
the  catalyst  layer  at  the  cathode  due  to  corrosion  of  the  carbon  supports.  We  simulated  the  start-up/shut- 
down  cycle  by  exchanging  gases  at  the  anode  between  hydrogen  and  air.  During  the  gas  exchange,  the 
distribution  of  oxygen  partial  pressures  at  the  anode  was  visualized  by  our  real-time  I  space  visualization 
system,  which  clearly  showed  the  location  of  H2-  and  02-rich  areas  along  the  gas-flow  channel  from 
the  inlet  to  the  outlet.  The  gas  exchange  rate  was  found  to  be  much  slower  than  that  predicted  from 
the  simple  replacement  and  to  be  correlated  to  the  proton  transfer  derived  from  carbon  corrosion  of  the 
cathode  catalyst  layer.  By  the  visualization  results,  it  was  found  that  the  shut-down  process  gives  more 
serious  effect  than  the  start-up  process.  After  the  degradation,  the  oxygen  partial  pressure  at  the  cathode 
was  visualized  during  the  cell  operation.  Oxygen  was  consumed  mainly  in  the  middle  of  the  MEA  because 
the  MEA  was  degraded  mainly  near  the  inlet  and  outlet  of  reactant  gases  in  the  cell. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  fuel  cells  (PEFCs)  are  expected  as  a  clean 
source  of  energy,  because  of  their  high  efficiency  and  low  emission. 
For  higher  performances  and  durability,  the  degradation  prob¬ 
lems  must  be  solved.  One  of  the  distinct  degradation  modes  is 
start-up/shut-down  cycling  of  the  cell.  During  the  cycles,  air  and 
hydrogen  coexist  in  a  channel  of  the  anode,  generating  potential 
differences  in  the  upper  and  lower  parts  of  the  anode  under  the 
presence  of  air  in  the  cathode  [1-16].  At  the  anode,  an  oxygen 
reduction  reaction  (Rl)  and  a  hydrogen  oxidation  reaction  (R2) 
occur  to  maintain  the  electrochemical  potential  of  electrons  uni¬ 
form  over  the  whole  anode  surface. 


Anode,  02  region  : 

02  +4H+  +4e-  ->•  2H20 

(Rl) 

Anode,  H2  region  : 

2H2  ->■  4H++4e“ 

(R2) 
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Protons  produced  in  (R2)  hardly  participate  in  (Rl);  a  large  ohmic 
resistance  exists  between  02  and  H2  regions  because  of  the  two- 
dimensional  diffusion  of  protons  from  the  H2  region  to  the  02 
region.  Protons  in  (Rl)  should,  therefore,  be  supplied  through  the 
other  shorter  paths  with  lower  conduction  resistance.  It  is  reported 
that  protons  consumed  at  the  anode  (Rl )  are  produced  by  a  corro¬ 
sion  of  carbon  supports  (R3)  in  the  cathode  catalyst  layer,  and  they 
are  transferred  across  the  thin  electrolyte  membrane  and  react  with 
oxygen  molecules  [1].  As  another  route  for  the  proton  formation, 
(R4)  can  also  be  considered.  On  the  other  hand,  the  main  reaction 
at  the  cathode  is  (R5),  driven  by  the  counter  reaction,  (R2),  under  a 
sufficient  oxygen  supply. 

Cathode,  corrosion  :  C  +  2H20  ->  C02  +  4H+ +  4e_  (R3) 

Cathode,  hydrolysis:  2H20  -*  02+4H++4e-  (R4) 

Cathode,  main  reaction  :  02  +4H+  +  4e-  -*  2H20  (R5) 

Nano-sized  electrocatalyst  particles  on  the  carbon  supports  are 
dropped  off  by  the  corrosion  reaction  above,  (R3),  which  eventually 
causes  a  distinct  decrease  in  cell  performance.  This  degradation  at 
start-up/shut-down  must  be  avoided. 

In  situ  observations  of  the  distribution  of  reactants,  water,  and 
temperature  under  operation  help  to  understand  the  reactions 
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proceeding  in  fuel  cells  and  may  lead  to  optimizations  of  structures 
of  MEAs,  flow  fields  of  separators.  They  should  also  be  useful  in 
optimize  operation  modes  such  as  cell  temperature,  humidification 
temperature,  or  the  start-up/shut-down  procedures  mentioned 
above.  The  generation  or  the  distribution  of  liquid  water  inside  the 
fuel  cells  has  been  actively  studied  and  successfully  visualized  by 
direct  optical  observation  [17-20],  neutron  radiography  imaging 
[21-28],  X-ray  imaging  [29-32],  and  magnetic  resonance  imaging 
(MRI)  [33-35].  Oxygen  partial  pressure  (Po2)  is  also  an  essential 
factor,  and  we  have  developed  a  nondestructive,  real-time/space 
visualization  system  forp02  in  operating  fuel  cells  [36,37]. 

In  this  paper,  distributions  of  p02  at  the  anode  were  visualized 
in  real  time  and  space  during  the  start-up/shut-down  cycles  by  our 
visualization  technique.  With  these  results,  we  will  make  clear  the 
corrosion  behavior  at  the  cathode  during  the  start-up/shut-down 
processes.  We  also  visualized  the  distributions  ofp02  at  the  cathode 
before  and  after  the  degradation  in  an  operating  PEFC  to  understand 
the  degradation  areas  on  the  MEA. 

2.  Experimental 

2.1.  Experimental  setup 

Fig.  1(a)  is  a  front- view  photograph  of  the  visualization  cell. 
Fig.  1(b)  shows  schematic  drawings  inside  the  visualization 
cell  (a  transparent  endplate,  a  dye-coated  PFA  (Perfluoroalkoxy) 
sheet,  a  current  collector  with  the  gas  flow  channel,  and 
an  MEA).  This  cell  was  fabricated  by  modifying  a  “JARI  Cell 
(Japan  Automobile  Research  Institute  Cell)”  with  27  cm2  of 
an  electrode  active  area.  A  stainless-steel  endplate  used  for 
the  conventional  JARI  cell  was  replaced  by  a  transparent 
acrylic  endplate.  The  gas  flow  field  with  single  serpentine 
(1429  mm)  was  machined  through  a  stainless-steel  plate  with 
1  mm  thickness  and  gold-plated.  The  plate  was  also  used  for 
the  current  collection.  As  an  oxygen-sensitive  dye,  porphyrin, 
[Tetrakis(pentafluorophenyl)porphyrinato]platinum  (PtPP),  was 


used  for  the  visualization  of  po2.  A  toluene  solution  of  PtPP  and 
poly(l-trimethylsilyl-l-propyne),  an  oxygen  permeable  matrix  for 
the  former,  was  sprayed,  and  a  uniform  film  with  approximately 
2  |jim  in  thickness  was  formed  on  the  PFA  sheet  faced  to  the  gas 
flow  channel.  Cell  performance  of  the  visualization  cell  used  was 
nearly  identical  to  that  of  the  JARI  cell  without  a  dye  coating. 

For  the  visualization,  a  407-nm  excitation  light  from  a  diode 
laser  was  diffused,  spread  and  distributed  uniformly  onto  the  visu¬ 
alization  cell.  The  emission  from  the  dye  film  through  the  acrylic 
plate  was  filtered  (>600  nm),  and  images  of  the  emission  from  the 
dye  film  were  captured  with  a  CCD  camera  (500  x  500  pixels,  1 
pixel  =  1 00  x  1 00  p,m)  in  a  dark  room. 

2.2.  Real-time  visualization  ofpo2  at  the  anode  during  gas 
exchange 

To  obtain  the  calibration  curves  for  p02  at  ah  segments  in  the 
channel,  Stern-Volmer  plots  were  first  acquired  by  introducing 
mixed  gases  containing  oxygen  in  nitrogen  from  0  to  25%  to  both 
anode  and  cathode  channels  at  50  ml  min-1  under  ambient  pres¬ 
sure  in  the  same  procedure  as  reported  in  previous  papers  [36]. 
The  gas-exchange  cycling  experiments  were  performed  as  in  the 
following  manner.  First,  the  anode  gas  channel  was  filled  with  air. 
Then  every  30  s,  the  anode  gas  was  exchanged  from  air  to  hydrogen 
(start-up  simulation),  and  from  hydrogen  to  air  (shut-down  simu¬ 
lation).  To  the  cathode,  air  was  continuously  supplied.  The  gas-flow 
rates  both  in  the  anode  and  cathode  gas-flow  channels  under  ambi¬ 
ent  pressure  were  the  same,  100  ml  min-1,  equivalent  to  an  linear 
flow  rate  of  167  cm  s-1.  The  cell  temperature  was  set  at  80  °C,  and 
gases  were  humidified  at  40%  RH.  The  gas-exchange  cycling  was 
carried  out  up  to  500  cycles.  After  the  first  cycle  and  then  after 
100,  300,  and  500  cycles,  p02  changing  during  the  gas  exchange 
process  at  the  anode  was  visualized  with  a  CCD  camera  by  cap¬ 
turing  images  continuously.  The  time  and  space  resolutions  were 
200  ms  and  100  |jim,  respectively.  Captured  images  were  converted 
to  po2  images  using  the  Stern-Volmer  plots  acquired  in  advance. 
I-V  curves  were  also  acquired  in  the  conventional  manner. 


(b)  Current  Collector 
(Cathode  side) 


Current  Collector  with  Gas 
Flow  Channel  (Anode  side) 


Acrylic 

Endplate 


Stainless  Graphite 

Endplate  Separator  MEA 


Dye-Coated  PFA  Sheet 


2.3.  Visualization  ofp02  at  the  cathode  before  and  after  the 
degradation 

Visualization  of  po2  at  the  cathode  in  a  running  cell  was  carried 
out  before  and  after  the  cathode  degradation  (500  cycles)  caused  by 
the  gas  exchange  at  the  anode.  The  cell  temperature  was  set  at  80  °C, 
and  hydrogen  and  air  at  60%  RH  were  supplied  at  300  ml  min-1 
to  the  anode  and  the  cathode  gas-flow  channels,  respectively.  The 
oxygen  consumption  was  set  at  0,  20  and  40%.  We  captured  and 
averaged  32  images. 

2.4.  MEA  observation  after  degradation  with  a  scanning 
transmission  electron  microscope 

After  the  visualization  experiments,  the  MEA  was  taken  out  from 
the  cell.  Samples  90  nm  in  thickness  were  prepared  by  using  a 
microtome  (LEICA  ULTRACUT  UCT).  The  cross-sections  of  the  cata¬ 
lyst  layers  at  the  anode  were  observed  with  a  scanning  transmission 
electron  microscope  (STEM)  (Hitachi  HD-2300C,  acceleration  volt¬ 
age  =200  kV). 

3.  Results  and  discussion 

3.1.  I-V  curves  during  the  simulated  start-up  and  shut-down 
cycles 


Fig.  1.  Visualization  cell,  (a)  Photograph  taken  from  the  front,  (b)  Schematic  draw¬ 
ings  of  the  cell  with  a  transparent  endplate,  a  dye-coated  sheet,  a  current  collector  Curves  before  the  gas-exchange  cycling  and  after  100,  300, 

with  the  gas  flow  channel,  and  an  mea.  and  500  gas-exchange  cycles  are  shown  in  Fig.  2.  On  a  fresh  MEA 
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Fig.  2.  I-V  curves  during  the  gas-exchange  cycling.  Anode  gas  was  exchanged  from 
air  to  H2  (simulating  start-up  process)  and  from  H2  to  air  (simulating  shut-down 
process)  at  an  interval  of  30  s. 

before  the  cycling  test,  the  steady  I-V  curve  was  obtained  by  using 
the  visualization  cell.  The  I-V  curve  was  almost  the  same  as  that 
obtained  with  a  conventional  JARI  cell.  At  0.8  A  cm-2,  for  example, 
the  voltage  was  0.59  V  before  degradation.  Only  after  1 00  cycles,  the 
cell  voltage  drastically  dropped  to  0.28  V,  and  further  cycling  low¬ 
ered  the  performance  continuously.  Therefore,  this  gas-exchange 
cycling  test,  simulating  the  start-up/shut-down  process,  was  able  to 
be  used  to  study  degradation  behaviors  in  a  PEFC  in  an  accelerated 
mode. 

3.2.  Real-time  visualization  of  po2  at  the  anode  during  the 
gas-exchange  cycles 

Fig.  3  shows  the  p02  visualization  at  the  anode  when  the  anode 
gas  was  exchanged  from  hydrogen  to  air.  Video  1  in  supplementary 
data  shows  the  real-time  po2  images  at  the  anode  before  and  after 
degradation.  The  upper  images  in  Fig.  3  were  obtained  before  degra¬ 
dation  and  the  lower  images  after  500  cycles  of  gas  exchange. 
First,  the  anode  gas  flow  channel  was  filled  with  hydrogen,  where 
Po2  =  OkPa.  Air  was  then  supplied  at  100  ml  min-1.  As  shown  in 
the  figure,  po2  increased  with  increasing  time  from  the  inlet  along 
the  gas  flow  channel  down  to  the  outlet.  Before  the  completion  of 
the  gas  exchange,  a  hydrogen-rich  area  (blue  area)  and  an  oxygen- 
rich  area  (red  area)  appear  simultaneously  on  the  MEA  for  a  certain 
period.  As  a  function  of  exchanging  time,  the  locations  of  the  02- 
and  H2-rich  areas  in  the  anode  are  clearly  shown.  It  is  also  notable 
that  the  complete  exchange  of  the  gases  required  obviously  a  longer 


time  than  that  expected  from  the  simple  gas  replacement  as  will 
be  discussed  below. 

Hereinafter,  the  time  required  for  the  gas  replacement  is  defined 
as  a  “replacement  time”  for  convenience.  We  can  now  understand 
the  carbon  corrosion  process  [1]  intuitively  by  the  present  visual¬ 
ization  system  and  more  quantitatively  using  the  replacement  time. 
At  the  anode,  the  electrochemical  potential  becomes  higher  in  the 
02-rich  area  (giving  rise  to  (Rl))  due  to  the  presence  of  remaining 
hydrogen  (causing  the  overwhelming  major  and  fast  (R2)).  From 
the  Nernst  equation,  a  higher  electrochemical  potential  could  be 
estimated  to  become  a  several  hundreds  of  mV  vs.  the  reversible 
hydrogen  electrode  for  the  02-rich  area,  if  enough  protons  were 
supplied  in  (Rl ).  This  higher  potential  brings  about  increase  of  the 
potential  in  the  area  of  the  opposite-side  cathode,  resulting  in  the 
corrosion  of  carbon  supports  (R3)  as  a  counter  reaction  of  (Rl)  at 
the  anode.  Thus,  in  the  case  of  the  gas  exchange  from  hydrogen 
to  air,  the  degradation  by  carbon  corrosion  is  predicted  to  proceed 
mainly  in  the  upper  part  of  the  PEFC  because  of  the  longest  expo¬ 
sure  to  02-rich  atmosphere  for  the  replacement  time  in  the  cell.  The 
volume  in  the  anode  gas-flow  channel  is  1.43  ml.  The  gas  flow  rate 
(100  ml  min-1)  being  considered,  the  time  required  for  the  simple 
replacement  of  hydrogen  in  the  channel  with  air  is  calculated  to  be 
only  0.86  s.  However,  from  the  result  of  the  po2  visualization,  the 
gas  exchange  took  approximately  6  s.  Such  a  big  difference  in  the 
replacement  time  is  first  discovered  with  the  present  visualization 
technique.  The  co-existence  of  H2-  and  02-rich  areas  in  the  anode 
presumably  makes  the  serious  corrosion  at  the  cathode.  This  long 
exchange  time  may  be  resulted  from  the  combination  of  the  fol¬ 
lowing  three  replacement  processes,  abbreviated  as  RP.  The  time 
delay  relating  to  the  replacement  of  hydrogen  previously  existing 
in  the  channel  could  be  ignored  because  it  is  regarded  as  a  simple 
process  of  push-out. 

(RP-1 )  Replacement  of  hydrogen  with  air  by  diffusion  inside  of  the 
cell  including  the  GDL. 

(RP-2)  Reaction  between  02  and  H  adsorbed  on  the  anode  catalyst 
surface  (R6) 

(RP-3)  Consumption  of  02  (Rl)  by  protons  transferred  from  the 
cathode  after  the  carbon-support  degradation  by  the  corro¬ 
sion  (R3) 

Anode  :  4Hads  +  02  -*  2H20  or  2H2  +  20ads  2H20  (R6) 

In  (R6),  a  trace  of  H202  could  be  produced  as  a  byproduct.  For 
(RP-1 ),  the  space  volume  inside  the  GDL  is  calculated  to  be  0.50  ml. 


Air 


0s  2s  4s  6s 


Fig.  3.  Visualization  ofpo2  at  the  anode  during  the  gas  exchange  from  H2  to  air  before  and  after  the  deterioration  of  the  cell  performances  by  500  cycles  of  the  gas  exchange. 
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Fig.  4.  po2  at  the  inlet  and  the  outlet  of  the  flow  channel  during  the  gas  exchange 
from  H2  to  air,  analyzed  from  the  data  in  Fig.  3. 


1.2s 


Time  /  s 

Fig.  6.  Po2  at  the  inlet  and  the  outlet  of  the  flow  channel  during  the  gas  exchange 
from  air  to  H2,  analyzed  from  the  data  in  Fig.  5. 


With  the  volume  of  the  gas  flow  channel,  1.43  ml,  the  volume 
through  which  gases  run  in  the  cell  is  summed  up  as  1.93  ml.  In 
the  simple,  “physical”  gas-replacement  process,  the  replacement 
time  is  thus  calculated  as  1 .2  s  (longer  by  0.3  s  considering  the  space 
volume  of  the  GDL);  this  value  is  still  much  smaller  than  the  mea¬ 
sured  time,  6  s.  The  number  of  hydrogen  atoms  adsorbed  on  the 
platinum  surface  was  calculated,  and  the  oxygen  used  for  (RP-2) 
was  estimated  to  be  only  10%  of  the  oxygen  flow.  This  will  make 
the  replacement  time  longer  only  by  0.2  s.  Therefore,  (RP-1 )  (0.3  s) 
and  (RP-2)  (0.2  s)  could  not  be  the  main  reasons  for  the  long  gas- 
exchange  time;  (RP-3)  should  be  the  reason.  Although  the  direct 
effects  of  (RP-1)  and  (RP-2)  are  small,  the  prolonged  replacement 
time  results  in  more  carbon  corrosion  at  the  cathode  (R3),  even¬ 
tually  causing  (RP-3).  For  more  detailed  discussion,  the  changes  of 
Po2  at  the  inlet  and  outlet  portions  in  the  anode  are  shown  in  Fig.  4, 
plotted  as  a  function  of  time  after  the  switching  from  hydrogen  to 


air  based  on  the  data  shown  in  Fig.  3.  In  the  cell  before  the  degrada¬ 
tion  by  gas-exchange  cycles,  p o2  at  the  inlet  part  increases  steeply 
up  to  approximately  75%  to  that  in  pure  air  for  1.2  s  (replacement 
time  for  “physical”  gas  exchange);  p02  keeps  increased  gradually, 
and  approximately  6  s  is  needed  for  the  compete  replacement  with 
air.  In  Fig.  4,  it  can  be  seen  that  around  5  s,  p02  at  the  outlet  part 
increases  steeply  and  shortly  reaches  to  that  of  pure  air  without  the 
slow  increase  process  found  at  the  inlet  part.  For  more  quantitative 
analysis,  tn  is  defined  as  the  time  between  the  raisings  ofpo2  at  the 
inlet  and  the  outlet  for  the  index  for  the  gas  replacement.  The  t50 0 
was  found  to  be  shorter  than  t\  by  approximately  1  s.  We  believe 
that  this  time  difference,  At,  is  related  to  the  degradation  of  the 
cathode  catalyst  layer,  which  will  be  discussed  later. 

Fig.  5  shows  the  po2  visualization  at  the  anode  when  the  anode 
gas  was  exchanged  from  air  to  hydrogen  as  a  stating-up  simulation. 
Fig.  6  shows  po2  at  the  inlet  and  the  outlet  during  the  gas  exchange. 
Video  2  in  supplementary  data  shows  the  real-time  p0l  images  at 


Fig.  5.  Visualization  ofpo2  at  the  anode  during  the  gas  exchange  from  air  to  H2  before  and  after  the  deterioration  of  the  cell  performances  by  500  cycles  of  the  gas  exchange. 
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Fig.  7.  At  vs.  the  number  of  gas-exchange  cycles  for  the  gas  exchange  from  air  to 
H2  (upper  half)  and  H2  to  air  (lower  half). 


02  Utilization  0%  20%  (  0.14  Acnr 2 )  40%  (  0.29  Acm  2  ) 


Fig.  8.  Changes  of  po2  at  the  cathode  during  the  cell  operation  before  and  after  the 
deterioration  of  the  cell  performances. 


the  anode  before  and  after  degradation.  Before  degradation,  the 
air  in  the  channel  was  completely  exchanged  by  hydrogen  within 
2  s  as  shown  in  Figs.  5  and  6,  a  time  much  shorter  than  that  of 
the  reverse  gas  replacement  for  the  shutting-down  simulation,  i.e., 
by  approximately  4  s.  Therefore,  the  cathode  corrosion  could  be 
prevented  rather  easily  at  the  starting-up  process.  The  reason  for 
the  higher  gas-exchange  rate  with  hydrogen  might  be  explained 
by  a  high  reaction  rate  of  (R2),  i.e.,  an  electrochemical  potential 
of  the  portion  accessed  by  hydrogen  instantaneously  establishes 
the  reversible  potential  (approximately  OmV)  for  (R2),  so  that  02 
or  adsorbed  oxygen  should  be  reduced  by  (Rl).  Protons  formed  in 
(R2)  are  consumed  in  (Rl),  and  02  in  air  is  consumed  in  (R6)  in 
addition  to  (Rl )  and  with  protons  formed  in  (R3)  in  the  down-flow 
area.  After  500  gas-exchange  cycles,  the  exchanging  time  became 
longer,  contrary  to  the  result  of  the  gas  exchange  from  hydrogen  to 
air,  which  can  be  attributed  to  delayed  02  consumption  via  (R2)  or 
(R6). 

The  corrosion  behavior  was  investigated  more  quantitatively  at 
both  gas-exchange  processes  by  plotting  the  relationship  between 
Po2  and  the  delayed  time  At  (=tn-ti)  in  Fig.  7  for  the  various 
cycle  number  (n)  of  gas-exchange  processes,  compared  with  those 
before  the  degradation.  It  is  clear  that  the  replacement  time  from 
hydrogen  to  air  decreased  (0>At)  steeply  and  that  from  air  to 
hydrogen  increased  (0<  At)  with  increasing  the  cycling  number, 
n.  We  believe  that  these  time  differences  are  related  to  the  degra¬ 
dation  of  the  cathode  catalyst  layer.  As  the  number  of  gas-exchange 
cycles  increases,  the  rate  of  the  degradation  itself  may  be  lowered 
as  reported  in  literatures  [2,10].  If  it  happens,  protons  transferred 
from  the  cathode  to  the  anode  should  be  decreased  after  the  cycles, 
resulting  in  the  decrease  in  the  amount  of  oxygen  molecules  react¬ 
ing  with  protons.  This  should  lead  to  the  faster  replacement  of 
hydrogen  by  air  in  the  gas  channel,  as  seen  in  Fig.  7.  On  the  other 
hand,  the  replacement  time  from  air  to  hydrogen  became  obvi¬ 
ously  longer  than  the  non-degraded  cell.  As  discussed  above,  02 
consumption  in  air  via  (Rl )  and  (R2)  in  the  down-flow  area  in  the 
cathode  should  be  lowered  at  the  degraded  cell  by  the  cathode 
corrosion. 

3.3.  Visualization  ofp02  at  the  degraded  cathode  under  the  cell 
operation 

Before  degradation  and  after  500  gas-exchange  cycles,  po2  at 
the  cathode  was  visualized  under  the  operating  conditions.  The 
upper  three  images  in  Fig.  8  are  those  for  different  oxygen  utiliza¬ 
tions  {Uo2  =  0,  20,  and 40%)  before  the  degradation  test,  and  the 
lower  three  are  those  after  degradation.  As  the  oxygen  utilization 
was  increased,  po2  became  more  decreased  along  the  flow  channel 
both  before  and  after  the  degradation  tests.  The  po2  values  at  the 


cathodes  are  plotted  in  Fig.  9  along  the  flow  channel  (1429  mm 
in  length)  from  the  inlet  to  the  outlet  at  Uo2  =  40%  before  and 
after  the  degradation.  Before  degradation  (line  in  blue),  oxygen  was 
uniformly  consumed  along  the  flow  channel,  whereas  after  degra¬ 
dation  (line  in  red),  oxygen  was  mainly  consumed  at  the  middle  of 
the  MEA  (at  approximately  500-900  mm)  showing  a  steep  change 
in  slope.  Therefore,  the  degradation  was  found  to  occur  distinctively 
at  the  upper  and  lower  parts  of  the  MEA  [6].  These  results  show  that 
we  can  clearly  detect  the  corrosion  levels  or  positions  depending 
on  the  cycling  number  or  the  mode  of  the  start-up/shut-down  by 
this  nondestructive  analysis. 

3.4.  STEM  images  at  the  cathode  catalyst  layer 

Fig.  10  shows  STEM  images  near  the  inlet,  the  center,  and  the 
outlet  at  the  cathode  catalyst  layer  after  500  cycles  of  the  hydro¬ 
gen/air  replacement.  In  the  images  obtained  near  the  inlet,  holes 
(0.5-1  |jim  in  diameter)  shown  by  circles  are  apparent  with  no 
carbon  support,  indicating  a  drastic  corrosion  of  carbon.  At  the 
center,  no  such  holes  are  seen,  showing  that  the  catalyst  layer  is 
much  less  degraded.  Near  the  outlet,  holes  again  appear.  In  Fig.  9, 
it  was  shown  that  oxygen  is  mostly  consumed  in  the  center  of 
the  MEA,  suggesting  that  the  degradation  occurred  mainly  near 
the  inlet  and  the  outlet.  The  STEM  images  clearly  show  the  cor¬ 
rosion  near  the  inlet  and  the  outlet.  This  distinct  degradation  of 
the  catalyst  layer  quickly  lowered  the  cell  performance  as  shown 
in  Fig.  2. 


Length  of  the  gas  channel  /  mm 

Fig.  9.  Changes  ofpo2  along  the  flow  channel  from  the  inlet  to  the  outlet  before  and 
after  the  degradation.  Oxygen  utilization  =  40%.  Blue  and  red  lines  are  for  results 
obtained  before  and  after  degradation,  respectively.  Air  flow  rate  =  300  ml  min-1 . 
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Fig.  10.  STEM  images  near  the  inlet,  the  center,  and  the  outlet  of  the  MEA  at  the 
cathode  after  the  degradation. 


4.  Conclusions 

By  visualizing  po2  at  the  anode  and  the  cathode,  the  degradation 
of  the  cathode,  accompanied  with  hydrogen  and  air  replace¬ 
ment  simulating  start-up/shut-down  cycles,  was  studied.  The 
co-existence  of  H2-  and  02-rich  areas  in  the  anode  was  clearly 
observed,  which  lasted  a  couple  of  times  longer  than  the  time 
predicted  for  the  simple  replacement  of  hydrogen  and  air.  A 
serious  corrosion  was  predicted  at  the  cathode  catalyst  layer 
facing  the  remaining  02-rich  area.  From  the  visualization,  the 
shut-down  process  was  indicated  to  be  more  serious  because  of 
the  longer  exposure  of  the  inlet  portion  to  02-rich  atmosphere, 
compared  to  the  outlet  portion  for  the  start-up  process.  After 
the  deterioration  of  a  cell  performance  with  increasing  the  gas- 
exchange  cycles,  the  time  for  replacement  from  hydrogen  to  air 
became  shorter  at  the  anode  because  of  lowered  oxygen  con¬ 
sumption  due  to  the  suppressed  supply  of  protons  from  the 
cathode  to  the  anode  near  the  inlet  by  the  carbon  corrosion. 
The  replacement  of  air  by  hydrogen  needed  longer  time  as  the 
cathode  corrosion  proceeded,  and  the  mechanism  of  which  was 
also  discussed.  The  oxygen  consumption  for  the  current  produc¬ 
tion  was  dominantly  observed  in  the  middle  of  the  MEA  because 
of  the  degradation  of  an  MEA  near  the  inlet  and  outlet  of  the 
cell.  STEM  images  supported  those  results  obtained  by  the  visu¬ 
alization  of  oxygen  consumption.  Quantitative  analyses  of  the 
cathode  corrosion  by  visualizing  carbon  dioxide  formed  are  now 
in  progress. 
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